The object of the present work is the formation of a nearly collimated beam of gold nanoparticles with a high deposition rate and investigation of the resulting nanostructured gold film deposited onto ͑111͒ silicon substrates. The shape, size, and orientation of nanostructured gold crystals were analyzed by transmission electron microscopy and x-ray diffraction, and optical properties were investigated by ellipsometry. It was found that the optical properties of gold nanostructured films are completely different from the optical properties of conventionally deposited films reported in the literature. It was also found most crystals were grown on ͑111͒ plane with an indication of an expitaxial contact between the film and the substrate. The crystallite size was approximately 8 nm in diameter. High-resolution transmission electron microscopy also revealed that the gold nanophase crystals are cubo-octahedral with larger surface areas ͑octahedral part͒ at ͑111͒ orientation.
I. INTRODUCTION
Nanotechnology is one of the fastest growing areas of science. The promise of working with nanometer-size structures can only be carried out if practical methods of making and fabricating such materials are realized. Only then can the unique physical and chemical properties of such structures be studied, understood, and applied. Interest in the unique properties of nanostructured materials has led to a broad range of research areas including but not limited to catalysis. Among the most prominent of these areas is the use of nanoscale materials in magnetic data storage. Previous work at IBM was directed to a method and structure for forming magnetic alloy nanoparticles and producing nanocrystalline magnetic alloy thin films on a solid surface. These nanoparticles are then used in storage media in hard disk drives, achieving high storage density. 1 Several techniques using chemical vapor deposition, plasma spray, evaporation, and condensation have been successful in nanoparticle synthesis in vacuum. [2] [3] [4] [5] In each, a target material is decomposed into high density vapor which is condensed into nanoparticles with the assistance of heat removal by flowing inert gas. The method employed here is similar to that of Haberland and Averback. 6, 7 It uses sputtering into cool, flowing gas in a chamber, which contains an exit aperture for the cooled nanoparticles leading to a differentially pumped deposition chamber. 8, 9 The general objectives of the work presented here are: ͑1͒ to generate and grow nanophase gold films and ͑2͒ to investigate their crystal structure and optical properties. The film growth was carried out using this ''dry'' nanoparticle source developed to produce a high-rate flux of nanoparticles, sufficient to allow deposition of thin films of nanostructured materials in practical time periods. Thus the primary objective is to successfully fabricate nanostructured film materials of a sufficient thickness to be analyzed using normal thin film analytical methods. The final objectives are to study and understand the films to determine if there are unusual properties arising from their underlying nanostructures. Figure 1 shows a schematic diagram outlining the main features of the differentially pumped deposition system which is fully described elsewhere. 10 There are three vacuum chambers which communicate by low conductance connections and which are maintained at three successively lower pressures by differential pumping. From the right to the left in the figure the pressures are approximately 1 T, 1ϫ10
II. EXPERIMENT
Ϫ3 , and 1ϫ10
Ϫ5 Torr. The rightmost is the synthesis chamber into which an adjustable mixture of ultrahigh purity Ar and He may be admitted under computer control. A 3 in. diam magnetron-sputtering gun is mounted in this chamber to provide a source of sputtered species. The walls of the source chamber are liquid nitrogen cooled with the temperature monitored and controlled using two thermocouples and a computer data acquisition system. The nanoparticles beams reported here were obtained using gold sputtering targets of 99.99% purity. Films were deposited onto silicon substrates a͒ Author to whom correspondence should be addressed; electronic mail: khabaria@wit.edu with and without cooling of the synthesis chamber walls. The presence of helium did not appear to play a critical role in the formation of gold nanoparticles as significant beams of nanoparticles were generated at room temperature using argon alone as the process gas. Visual examination revealed a different appearance for films deposited with and without liquid nitrogen cooling of the synthesis chamber walls. Films deposited with synthesis chamber cooling appeared darker ͑i.e., dark yellow͒ than those without cooling, which were lighter and more gold-like. Different film thickness and different particle size could well explain this observed difference, but confirming measurements have not yet been performed. A low velocity beam of the gas and nanoparticles is formed as they escape through the converging-diverging exit nozzle, which is 3 mm in diameter at the throat. The middle region is cryopumped and normally operates at 5 ϫ10 Ϫ4 Torr. Large heavy species ͑nanoparticles͒ will, in principle, go straight through this region while most of the lighter inert and background gas molecules scatter to random directions and are pumped out. Thus the middle chamber is where most of the separation of process gas and nanoparticles takes place ͑see Fig. 2͒ .
The beam of nanoparticles and a small amount of gas enter the diffusion-pumped deposition chamber through an aligned aperture, 1 cm in diameter. This region is maintained in the upper 10 Ϫ5 Torr range. The beam impinges on the substrate upon which a thin film grows. The beam may be manipulated by an ionizer as well as by deflection and acceleration electrode structures that are mounted within the deposition chamber. These apparatus are more fully described elsewhere. 10 Films were deposited onto 75 mm diam Si͑111͒ wafers which are shadowed by 1 mm wide mechanical masks to produce steps for thickness measurements. Several 3 mm Cu mesh grids were typically placed on the substrate for subsequent transmission electron microscopy ͑TEM͒ investigations. The film thickness, d, was measured using a Dektak 3ST profilometer. Electron-transparent portions of the film protruding from the Cu TEM grids were characterized by TEM with no sample preparation. Bright-field images, darkfield images, and selected area electron diffraction patterns were obtained using a LaH 6 filament equipped Philips CM12 microscope operated at 120 keV, while a Hitachi 9000 microscope operated at 300 keV was used for lattice resolution imaging. The optical properties of gold films were investigated using a Woollam variable spectroscopic ellipsometer®. Data were acquired over a spectral range of light wavelengths from 400 to 1100 nm and at three angles of incidence (65°, 70°, and 75°). Some of the films had significant thickness nonuniformity requiring the ellipsometer probe beam to be focused to a 100 m spot. This small spot reduced depolarizing effects due to the thickness nonuniformity to acceptable levels. All data were acquired and analyzed using the WVASE32 version 3.255 software program.
X-ray diffraction measurements were performed using a Bruker model GADS6 with HI-STAR area detector. Acquired data enabled the determination of particle size and crystallographic orientation of the deposited films. The area detector employs a 3.0 kW sealed-tube x-ray generator with a three-circle goniometer, which permits precise movement and positioning of the film samples.
III. RESULTS AND DISCUSSION
A high-resolution TEM image of a representative region of a deposited film is shown in Fig. 3 . Evidence of a crystal lattice can be seen in the darker nanoparticles appearing in the center and to the left in the image. Each seems to be surrounded by an apparently amorphous layer on the order of several atoms in thickness. The crystal shapes appear to be of the cubo-octahedral geometry, with clearly defined edges and points. The nanoparticle sizes appear more uniform ͑almost identical͒ compared with other deposited nanostructured   FIG. 1 . Differentially pumped nanoparticle deposition system composed of three consecutive chambers communicated by low conductance connections.
films previously reported such as films formed from copper targets, which has clearly varying crystal sizes.
10 Figure 4 shows part of the representative x-ray diffraction pattern data taken from a deposited film. The complete data captured by the area detector is two dimensional and shows three rings formed from three different crystal planes. Figure  4 is the cross section taken through all three rings for the purpose of indexing the pattern. The upper curve of Fig. 4 is the raw data that is comprised of signal and noise. The solid line through the data is the best fit to the data and the line below is the noise removed in the fitting process. The horizontal axis is the diffraction angle ͑2͒, which was varied from 20°to 70°. The peaks at angles of 38.7°, 45.5°, and 67.1°correspond to the ͑111͒, ͑200͒, and ͑220͒ ͑Table I͒ in the cubo-octahedral crystal structure. The diffraction pattern of nanostructured gold films shows broadening because of the small particle size of nanocrystalline gold. The average crystal sizes grown on three different planes ͑111͒, ͑200͒, and ͑220͒ were calculated ͑Table I͒ using the Scherrer equation
where K is the instrument constant, ␤ is the peak full width at half maximum, is the x-ray wavelength, and is the peak position. Examination of Fig. 4 shows that the reflected intensity is much higher from ͑111͒ planes than that from ͑200͒ and ͑220͒. The gold nanostructured films were deposited onto ͑111͒ silicon wafers. Because the substrates had a native oxide on them prior to deposition the explanation for this observation may well be that the larger surface areas ͑octahedral part͒ of cubo-octahedral at ͑111͒ orientation ͑seen in Fig. 4͒ may simply have oriented to the substrate. Optical properties of nanostructured materials were studied by investigating free nanoparticles [11] [12] [13] [14] [15] and by investigating nanostructured films grown on known substrates. 16 In the work presented here, optical properties were investigated using ellipsometry on the nanostructured films as deposited onto silicon substrates. The measured data fitted more than one reflecting surface model as occurs from time to time in ellipsometry. In one model the gold optical constants from the literature were used as initial estimates and were allowed to vary during the iterative solution process. By eye, it was evident that all of the nanostructured films had significant absorption (k), but did not appear to be optically thick. This results in a mathematical correlation among the film thickness, index, and extinction coefficient. In principle the correlation could likely be reduced or eliminated with the addition of transmission intensity data as the transmission intensity data provide additional information about the absorption, which helps to uniquely extract the extinction coefficient. In practice such a transmission measurement requires the films to be deposited on transparent substrates and this experiment had not been done. In its absence, the films were modeled two different ways assuming the films to be optically thick as well as semitransparent.
Assuming Au ͑gold͒ to be optically thick, the Au optical constants were modeled using the Herzinger-Johs parameterized oscillator model summed with a Drude oscillator. The Herzinger-Johs oscillator models as absorption at 2.55 eV and the Drude oscillator models absorptions at longer wavelengths due to free carriers. This model provided a good fit to the experimental data. The upper image of Fig. 5 ͑Au, optically thick͒ shows the index of refraction and the extinction coefficient over the measured wavelength from 400 to 1100 nm. The measured optical constants were distinctly different than literature values for conventional ͑i.e., not nanostructured͒ thin films. The index of refraction over the measured spectral range ͑400-1100 nm͒ was from 0.7 to 1.6 with the minimum around the wavelength of 610 nm. The index of refraction started to rise from 0.8 at 400 nm to a local maximum of 1.3 at 500 nm and sharply dropped to a local minimum 0.7 at 600 nm. The index of refraction started to ascend almost linearly from the wavelength 600-1100 nm. The lower image of Fig. 5 ͑Au, optically thick͒ shows the extinction coefficient ranged from 0.8 to 1.4 over the measured spectral range with local maximum of 0.85 at 450 nm and local minimum of 0.8 at 520 nm. Both the index of refraction and the extinction coefficient are entirely different from the literature values.
The nanostructured gold film was also modeled assuming Au to be semitransparent. The Au optical constants were modeled using the Herzinger-Johs ͑HJ͒ parameterized oscillator model summed with a Drude oscillator. The HJ oscillator models an absorption at 2.76 eV and the Drude oscillator models absorptions at longer wavelengths due to free carri- ers. The upper image of Fig. 5 ͑Au, semitransparent͒ also shows the index of refraction and extinction coefficient of the film assuming the film is semitransparent. The index of refraction ranged from 0.4 to 1.18 over the measured spectral range ͑400-1100 nm͒ with the local maximum of 1.18 at 450 nm and the local minimum at 600 nm. The index of refraction rose almost linearly from 600 nm. The index of refraction ranged from 1.4 to 4.5 nm with a local minimum at 500 nm. In addition, the upper image of Fig. 5 shows the index of refraction of the nanostructured gold film using the two models ͑optically thick and semitransparent͒, and the index of refraction of conventionally deposited gold films reported in the literature. The index of extinction and refraction of gold nanoparticles have a peak due to plasmon resonance around 520 nm, 17 and the best model which reflects that plasmon resonance is the model which assumes the Au nanostructured film is optically thick. Both models indicate that the index of refraction of nanostructured films is lower for wavelengths below 500 nm then the gold films, and the refraction index of nanostructured films are higher for wavelengths above 500 nm. The lower image of Fig. 5 shows the extinction coefficient K of a gold film and nanostructured films using the two models. Values of K for gold film for wavelength below 500 nm are between the values of two described models. However, for wavelengths above 500 nm, the extinction coefficient of nanostructured films is less than the gold film assuming Au to be semitransparent.
IV. CONCLUSIONS
High intensity beams of gold nanoparticles were successfully generated by means of gas condensation using a differentially pumped system. Nanostructured gold films were deposited onto silicon substrates from these beams. The nanostructure of the deposited film was confirmed both by x-ray diffraction ͑XRD͒ and by TEM. Furthermore, the nanoparticles exhibit a preferred orientation in ͑111͒ direction as shown by XRD. The gold grain size was calculated to be 9 nm in diameter using XRD data. The nanoparticles were cubo-octahedral with the larger surface in ͑111͒ direction. This is in agreement with the XRD data for grain size and crystal orientation. The optical properties of deposited films were different from those of conventionally deposited films. Because of unanticipated mathematical correlation between optical properties, two different models were used in this work. There was a general agreement between the models, but additional depositions on transparent substrates may be able to clarify this mathematical correlation. The results of the model assuming optical thickness does exhibit the plasmon around 520 nm, which is in agreement with one measurement on gold nanoparticles reported in the literature. 17 
